
US 20030115006A1 

(12) Patent Application Publication (10) Pub. N0.: US 2003/0115006 A1 
(19) United States 

Schyndel (43) Pub. Date: Jun. 19, 2003 

(54) POST DETECTION CHROMATIC (52) US. Cl. .............................................................. .. 702/85 
DISPERSION COMPENSATION 

(76) Inventor: Andre Van Schyndel, Kanata (CA) (57) ABSTRACT 

Correspondence Address: 
GIBBONS, DEL DEO, DOLAN, GRIFFINGER A method and apparatus for compensating, in the electrical 
& VECCHIONE domain, for chromatic dispersion of an optical signal is 
1 RIVERFRONT PLAZA disclosed. A received optical signal is converted to an 
NEWARK, NJ 07102-5497 (US) electrical signal. The spectrum of the electrical signal is 

ampli?ed by a factor derived from its frequency; and the 
(21) Appl- NO-I 10/022,666 phase of regions of said spectrum is selectively inverted to 

thereby alloW recovery of the transmitted data. 
(22) Filed: Dec. 17, 2001 

The optical signal may have a non-in?nite extinction ratio to 
Publication Classi?cation improve recovery of the transmitted signal. The square root 

of the electrical signal may be taken to improve recovery of 
(51) Int. Cl.7 ................................................... .. G06F 19/00 the transmitted signal 

Non-infinite 

IE Extinction I I ““ Ratio 5 i 46 
5 g 43 44 45 / 

i i / i l { Power Threshold —{ "7" —i FIR-HR L.P. — IE Modulator E v", E TIA Detector 
i l l l l 3 Detect“ A Filter 

40 g 3 bmbhbz... 
i . '1 a0, a1, a2 : Fiber 1 - 

Transmitter } Channel 5 Receiver 47 

ii 52 ' 

Processor ‘ I lndlcauir (I) 
Functlon 

48 

Minimization routine 



US 2003/0115006 A1 

H .3 

FM< MODE 

Patent Application Publication Jun. 19, 2003 Sheet 1 0f 6 

_ _ _ _ _ w n _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . n _ “ _ 

30%??? {AF .QQ / \ \ 3 MN 8 

Q02 ii : 

65:30 FEE BEEmE?H 

$208M 



Patent Application Publication Jun. 19, 2003 Sheet 2 0f 6 US 2003/0115006 A1 

ww 

coubasm IIY howwuooi 
Q “83%;: ~ 

N .3 

EEEU 58m 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ . _ _ _ _ _ _ _ _ _ n _ _ _ _ _ _ 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ 

SEEmQEP 
J“ 

65:82 ._wwm|_ osmm Ema 
cozoczxm QEcEéOZ 



Patent Application Publication Jun. 19, 2003 Sheet 3 0f 6 US 2003/0115006 A1 

Fig. 3 



Jun. 19, 2003 Sheet 4 0f 6 US 2003/0115006 A1 

Ola \ ! UH‘ ?iiwwww 
i. GE ._ i f: ... _. gig; WM Q 

“@QNCOLDQK'ONPO 

Patent Application Publication 



Patent Application Publication Jun. 19, 2003 Sheet 5 0f 6 US 2003/0115006 A1 



Patent Application Publication Jun. 19, 2003 Sheet 6 0f 6 US 2003/0115006 A1 

T *5 
8 GE, '5 
‘r '6 B *5 

5» 5'6 
‘c6 2 s 

E T? “ 
| ———> 

g’ M) I 

l l 
200 

150 
x .r l 

(:1 R2 

R1 C 

1 0 
x PIN Detector Q 

FIG. 6 



US 2003/0115006 A1 

POST DETECTION CHROMATIC DISPERSION 
COMPENSATION 

[0001] This invention relates to chromatic dispersion com 
pensation, but more particularly to compensation of chro 
matic dispersion Which is performed post detection in the 
electrical domain. 

BACKGROUND OF THE INVENTION 

[0002] With the advent of optical ampli?ers, Which can 
compensate for ?bre loss, the reach of ?ber systems, espe 
cially at 10 Gb/s and beyond, is limited by chromatic 
dispersion. Chromatic dispersion causes different parts of 
the signal spectrum to arrive at the distant end of the system 
at different times. An optical signal carrying information has 
a bandWidth spread related to the modulation of the optical 
carrier. 

[0003] In the time domain, the dispersion can cause pulses 
to interfere With each other. This is knoWn as inter-symbol 
interference or ISI. The dominant cause of chromatic dis 
persion is material dispersion, the variation in the refractive 
index versus Wavelength of silica, the basic material from 
Which all loW loss transmission ?bers are made. Ideally, 
chromatic dispersion is a reversible process. Optical disper 
sion compensation requires an element, Which can produce 
a delay versus frequency characteristic equal and opposite to 
that of the ?ber. It may be optically compensated either by 
using special dispersion shifted transmission ?ber in the 
transmission path or by localiZed dispersion compensation. 
In the case of the dispersion shifted transmission ?ber, a 
length of this highly dispersive ?ber is inserted betWeen the 
end of the channel and a PIN diode detector to add a 
frequency dependent delay opposite to that applied by the 
?ber in the channel. Unfortunately, the problem With this 
method is that it also introduces attenuation, it requires 
complex measurements and trained personnel for installa 
tion and is not adjustable once installed. Other methods 
include stretchable chirped Fiber Bragg Gratings (FBGs), 
Arrayed Waveguide Gratings (AWGs) and tunable Fabry 
Perot interferometers. Unfortunately, these methods have 
limited bandWidths, demand higher poWer levels, have sloW 
and limited adaptation and are expensive. 

[0004] Although efforts have been made to develop fully 
optical netWorks including photonic sWitching devices, the 
effects caused by chromatic dispersion and the solutions 
used to date have hampered their introduction since com 
pensating devices have to be tailored to the speci?c length 
of ?ber channel being used. Any changes due to netWork 
re-con?guration or other changes require additional mea 
surements and re-installation of chromatic dispersion com 
pensating equipment. 
[0005] A need therefore exists for a chromatic dispersion 
compensation process, Which overcomes the shortcomings 
associated With the current compensation methods. 

SUMMARY OF THE INVENTION 

[0006] According to a ?rst aspect of the invention, there is 
provided a method and apparatus for compensating, in the 
electrical domain, for chromatic dispersion of an optical 
signal. The received optical signal is converted to an elec 
trical signal. The spectrum of the electrical signal is ampli 
?ed by a factor derived from its frequency; and the phase of 
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regions of the spectrum is selectively inverted to thereby 
alloW recovery of the transmitted data. 

[0007] According to another aspect of the invention, the 
optical signal has a non-in?nite extinction ratio. The square 
root of the electrical signal may be taken prior to the 
application of the transfer function to improve recovery of 
the transmitted signal. 

[0008] Other aspects and features of the present invention 
Will become apparent to those ordinarily skilled in the art 
upon revieW of the folloWing description of speci?c embodi 
ments of the invention in conjunction With the accompany 
ing ?gures. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0009] The invention and its embodiments thereof Will be 
described in conjunction With the accompanying draWings in 
Which: 

[0010] FIG. 1 is a block diagram illustrating a chromatic 
dispersion compensation technique used in the prior art; 

[0011] FIG. 2 is a block diagram illustrating the chromatic 
dispersion compensation technique of the present invention; 

[0012] FIG. 3 is a diagram of the transfer function used 
for recovering the transmitted signal according to the pre 
ferred embodiment of the present invention; 

[0013] FIGS. 4a and 4b are illustrations of eye diagrams 
for uncompensated and compensated received data signals 
respectively; 
[0014] FIG. 4c is a chart of the Q versus distance; 

[0015] FIG. 5 is a block diagram illustrating a hardWare 
implementation of the transfer function of FIG. 3 according 
to a preferred embodiment of the present invention; 

[0016] FIG. 6 is a simpli?ed circuit for providing the 
Indicator I(DL); and 

[0017] FIG. 7 is a graph illustrating the values of the 
Indicator I(DL) for various coef?cient sets With actual 
dispersion at 300 km. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 

[0018] Referring noW to FIG. 1, We have shoWn a block 
diagram illustrating a method of compensating for chromatic 
dispersion in the optical domain, as used in the prior art. At 
the transmitter end 10, the output 11 of a laser (not shoWn) 
is modulated by incoming data for transmission through a 
?ber channel 20. As described earlier, With the optical signal 
passing through the ?ber medium, chromatic dispersion 
introduces a frequency dependent delay on the signal. This 
dispersion makes the received signal much harder to detect 
once dispersion delay becomes comparable to the bit period. 

[0019] The most common dispersion compensation tech 
nique is to use a dispersion compensation ?ber 21. A length 
of this highly dispersive ?ber is inserted at the receiving end, 
betWeen the end of channel 20 and an optical ampli?er, if 
needed, and poWer detector 22. The purpose of the disper 
sive ?ber is to add frequency dependent delay opposite to 
that applied by the ?ber in the channel 20. The poWer 
detector 22 is then folloWed by a Trans-Impedance Ampli?er 
(TIA) 23 and a threshold detector 24 before the signal is 
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further distributed to its expected destination. Unfortunately, 
as indicated previously, the use of a dispersive ?ber intro 
duces attenuation and does not have the capability of adjust 
ing the dispersion compensation once installed. 

[0020] As shoWn in FIG. 2, the chromatic compensation 
technique of the present invention compensates for chro 
matic dispersion in the electrical domain rather than in the 
optical domain. That is, the compensation is done post 
detection rather than before the received signal is passed 
through the poWer detector. This eliminates the need to use 
highly dispersive ?bers, Which can be dif?cult to tune and 
install. More importantly, because this technique can be 
quickly adjusted to compensate for changing dispersion, it 
enables the use of photonic sWitches Which can re-direct 
signals to ?ber channels having different chromatic disper 
sion characteristics. As before, data to be transmitted modu 
lates the output of laser 40 before being sent over the ?ber 
channel 41. HoWever, at the receiver 42, the received optical 
signal is converted to an electrical signal by means of a 
poWer detector 43 and TIA 44. The poWer detector 43 can be 
a PIN detector, avalanche detector, etc. Other types of poWer 
detectors may be used Without changing the scope of the 
present invention. The transmitted data can be recovered 
from the electrical signal by applying a square root function 
45 and a Finite Impulse Response In?nite Impulse Response 
(FIR-IIR) ?lter, also called Auto Regressive Moving Aver 
age (ARMA) ?lter 46. As Will be described further beloW, 
the coef?cient set for a particular (DL) is calculated from a 
transfer function. This is done for a range of lengths and can 
be stored in memory for use later by the FIR-IIR ?lter. If 
there is a need to determine the amount of dispersion on the 
channel, for example upon startup, recon?guration of the 
optical channel, etc. a minimiZation routine 47 using an 
indicator I shoWn as 48 can be used to select the appropriate 
set of coef?cients for the ?lter 46. 

[0021] In order to derive the solution illustrated in FIG. 2, 
We can identify that in a typical optical transmission net 
Work, the optical signal is an amplitude modulated signal 
prior to detection by the poWer detector. The spectrum of this 
signal contains a “carrier” at a typical laser frequency (eg 
193 THZ for 1550 nm laser light) surrounded by upper and 
loWer sidebands. As the signal traverses the ?ber, the higher 
frequencies travel faster than the loWer frequencies (nega 
tive slopes are common too), causing the higher frequency 
components to have a shorter optical path than the loWer 
frequencies. The amount of delay relative to the optical 
carrier that each frequency component experiences is 
expressed by: 

A3 (1) 
T = DL7<f - f.) 

[0022] Wherein 

[0023] D is the dispersion 

[0024] L is the length of the ?ber 

[0025] )to is the Wavelength of the light source 

[0026] c is the speed of light 

[0027] fc is the frequency of the laser light carrier 

[0028] f is the frequency of the Fourier component 
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[0029] The propagation through the optical ?ber can be 
described by the propagation term ejBL With [3=mf. To 
describe the effects of dispersion, each Fourier term is 
multiplied by the relative phase factor: 

[0030] This is the phase factor that the prior art optical 
dispersion compensation methods nullify in the optical 
domain. Note that the magnitude of the phase factor is unity, 
Which means that traversing a ?ber With this idealiZed 
chromatic dispersion has no effect on the poWer spectrum of 
the optical signal. 

[0031] The poWer detector illustrated in FIG. 1 usually 
comprises an instantaneous poWer detector folloWed by a 
loW pass ?lter. This acts as a time domain envelope poWer 
detector, i.e., the output is the average poWer of the optical 
signal at that particular time. The output is usually band 
limited to a frequency comparable to the bit rate. Generally 
only the data for a particular WDM Wavelength is present at 
detection (the others being ?ltered off by WDM bandpass 
?lters). 
[0032] Among other things, each Fourier component of 
the detected signal contains the poWer represented by the 
linear sum of the positive and negative sidebands of the 
original signal. The square root (the poWer Would represent 
the square of the electric ?eld) of this sum is: 

[0033] This is true as long as the time domain signal does 
not go negative (inverting the phase of the carrier). With the 
post detection chromatic dispersion compensation of the 
present invention, it Was formulated that this can be pre 
vented in practice by modulating the data With an extinction 
ratio that is loW enough to accommodate any negative 
sWings in the dispersed time domain signal. (The extinction 
ratio is the ratio of the ‘on’ optical poWer to the ‘off’ optical 
poWer.) Furthermore, the approximation gets better as the 
extinction ratio is reduced. 

[0034] It Was then formulated that to some extent, one can 
retrieve the Fourier transform of the original signal by 
dividing the Fourier transform of the detected signal by the 
sum calculated above, or equivalently, multiplying by the 
transfer function: 

[0035] Greater bene?t from the technique can be derived 
by modifying the electrical signal With the introduction of a 
non-linear element prior to application of the transfer func 
tion. A non-linear element that Would provide such a bene?t 
is a square root function. Equation 3 describes ampli?cation 
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of parts of the spectrum of the electrical signal by a factor 
derived from its frequency and the selective phase inversion 
of regions of the spectrum of the electrical signal. 

[0036] The sec function goes to in?nity at 

[0037] Where n is an integer. In practice, one Would cap the 
siZe of the sec function perhaps to a value comparable to the 
signal to noise ratio. The parts of the spectrum Within these 
capped regions Would not be easily retrievable. 

[0038] An example of this transfer function for a disper 
sion of 17 ps/nm/km over a length of 30 km is shoWn in 
FIG. 3. The transfer function shoWn need only be repro 
duced out to a limited frequency. For 10 GB/s, the transfer 
function need only extend from approximately —8 GHZ to +8 
GHZ. In FIG. 3, it is seen that the value of the transfer 
function is essentially one in this range, and Would not have 
much effect. For 40 GB/s, the transfer function of FIG. 3 
Would be applied from approximately —32 GHZ to +32 GHZ 
incorporating many active parts of the transfer function. 

[0039] Although there may be situations Where this is not 
required, in the best mode, the transfer function is applied to 
a signal transmitted With a non-in?nite extinction ratio. The 
extinction ratio should be at least small enough so that 
dispersive effects expressed as the amplitude of the optical 
electric ?eld in the ?ber do not change sign. 

[0040] An example of the bene?ts of using the transfer 
function of FIG. 3 is illustrated by comparing the eye 
diagrams of FIGS. 4a and 4b. In FIG. 4a, We have shoWn 
an illustration of uncompensated data in the form of an eye 
diagram. This eye diagram represents the effects of chro 
matic dispersion on data at a distance of 300 km for a bit rate 
of 10 Gb/s With a 17 ps/nm/km ?ber. This level of distortion 
makes the recovery of a signal at this distance essentially 
impossible unless chromatic dispersion compensation is put 
in place. In fact, at 10 GB/s With a ?ber of 17 ps/nm/km, 
once the ?ber length reaches about 120 km (When derived 
from Equation 1 this corresponds to a delay of 1.3 bit periods 
for the maximum frequencies in the modulation signal) 
reproduction of the transmitted signal becomes unmanage 
able. 

[0041] FIG. 4b shoWs a recovered data eye diagram When 
the transfer function of Equation 3 is applied to the received 
signal. Application of the transfer function of Equation 3 
results in a usable bit-error-rate (BER). 

[0042] FIG. 4c shoWs the results of a simulation that 
predicts the Q of the signal recovered using a 4th order 
FIR-IIR ?lter on dispersion impaired signals. In this chart, 
the Q Was determined every km from 50-400 km under the 
folloWing conditions: 

Number of bits: 1024 
Samples per bit 16 
Bit rate: 10 GB/s 
Fiber dispersion: 17 ps/nmlkm 
Optical level at the PIN detector: —10 dBm 
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-continued 

Noise in the receiver: 12 pA/rt.HZ 
Extinction Ratio: 8 dB 
Detector: simple threshold 

[0043] The upper curve is the result of applying the 
transfer function in Equation 3, the loWer curve represents 
the result of applying a FIR-IIR ?lter. The coef?cients can be 
optimiZed further resulting in a higher Q. The Bit-Error-Rate 
(BER) is related to Q as illustrated in the folloWing equation: 

BER=1/2 erfC (QNZ) (4) 

[0044] The transfer function in the form of a FIR-IIR ?lter 
can be implemented by the circuit topology shoWn in FIG. 
5. Using half bit delays in this implementation With 5 FIR 
taps and 4 HR taps, viable BER can be achieved beyond 400 
km. The effective transfer function applied by the circuit 
topology of FIG. 5 is given in Equation 5. 

H Z = i 

( ) l + $1171 + 61272 + $1373 + $1474 

[0045] The frequency response can be obtained by setting 
Z=e2"jf (Where j=\/—1) and then directly compared to Equa 
tion 3. The ?lter coef?cients (a’s and b’s) should be adjusted 
such that the function of frequency given by Equation 5 
closely matches that of Equation 3. Those skilled in the art 
Will recogniZe that a number of techniques can be used to 
achieve an appropriate match. 

[0046] If the dispersion characteristics in a channel Were 
not knoWn, the secant argument in Equation (3) Would also 
be unknoWn and recovery Would not be feasible. For 
example, if a neW ?ber channel is installed or modi?ed or if 
a signal is sWitched over to a neW ?ber netWork topology, the 
chromatic dispersion must be derived in order to properly 
compensate its effect. If the dispersion Were incorrect, the 
peaks in the secant function Would multiply parts of the 
spectrum that Would not have the corresponding nulls from 
the sideband interference. This Would produce large com 
ponents of sinusoids at those frequencies. This suggests that 
the time averaged excursion of the signal from its mean 
value Would be an indicator of the proper secant argument. 
If the indicator value is given by I, and the analog signal 
after application of the transfer function assuming a value of 
DL is x(t): 

1(DL)=<|X(l)-§(7)|> (6) 
[0047] This is relatively easy to implement as illustrated 
by the circuit topology of an indicator (I) circuit shoWn in 
FIG. 6. At the proper value of the argument, the indicator 
goes to a minimum (i.e. When DL in Equation 3 becomes 
equal to the product of the length of ?ber in the channel (L) 
and the ?ber dispersion Values of the indicator for 
various coef?cients sets are plotted in FIG. 7. The coef? 
cients are plotted as appropriate for various lengths of 17 
ps/nm/km ?ber. The data actually traversed 300 kms of 17 
ps/nm/km ?ber. Therefore, by scrolling through coef?cient 
sets appropriate for various values of DL, the actual DL can 
be determined by minimiZing the value of the indicator. 
This, in turn determines an appropriate set of coef?cients to 
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use for the dispersion compensation. Another advantage of 
using the minimization routine described above is that it can 
also be used as a diagnostic tool, i.e. the technique can be 
used for measuring chromatic dispersion. For example, 
testing spools of ?ber once they leave the factory Would 
determine the chromatic dispersion characteristics of the 
?ber. 

[0048] It Will be Well knoWn to those knowledgeable in the 
art that the embodiments presented above can be imple 
mented in softWare. 

I claim: 
1. Amethod of compensating, in the electrical domain, for 

chromatic dispersion of an optical signal, comprising the 
steps of: 

a) converting said optical signal to an electrical signal; 

b) amplifying parts of the spectrum of said electrical 
signal by a factor derived from its frequency; and 

c) selectively inverting the phase of regions of said 
spectrum to thereby alloW recovery of the transmitted 
data. 

2. A method as de?ned in claim 1, Wherein said step of 
amplifying and selectively inverting is described by a trans 
fer function represented by 

Where 

D is the dispersion 

L is the length of the ?ber 

)to is the Wavelength of the light source 

c is the speed of light 

f is the frequency of the Fourier component. 
3. A method as de?ned in claim 2, Wherein said optical 

signal comprises a non-in?nite extinction ratio. 
4. Amethod as de?ned in claim 3, further comprising the 

step of modifying said electrical signal by introducing a 
non-linear element prior to application of said transfer 
function. 

5. Amethod as de?ned in claim 4, Wherein said non-linear 
element provides a square root of said electrical signal. 

6. A method as de?ned in claim 3, Wherein said non 
in?nite extinction ratio is present in said optical signal prior 
to transmission. 

7. A method as de?ned in claim 2, Wherein said transfer 
function is implemented by means of an FIR-HR ?lter. 

8. A method as de?ned in claim 1, Wherein said compen 
sation method is implemented in softWare. 
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9. A method as de?ned in claim 2, Wherein said transfer 
function is used as a diagnostic tool for measuring the 
chromatic dispersion characteristics of an optical channel. 

10. An apparatus for compensating, in the electric 
domain, for chromatic dispersion of an optical signal, com 
prising: 

a) signal conversion means for converting said optical 
signal to an electrical signal; 

b) means for amplifying parts of the spectrum of said 
electrical signal by a factor derived from its frequency; 
and 

c) means for selectively inverting the phase of regions of 
said spectrum to thereby alloW recovery of the trans 
mitted data. 

11. An apparatus as de?ned in claim 9, Wherein said 
means for amplifying and means for selectively inverting 
comprises means for applying a transfer function, Wherein 
said transfer function being represented by 

Where 

D is the dispersion 

L is the length of the ?ber 

)to is the Wavelength of the light source 

c is the speed of light 

f is the frequency of the Fourier component. 
12. An apparatus as de?ned in claim 10, Wherein said 

optical signal comprises a non-in?nite extinction ratio. 
13. An apparatus as de?ned in claim 10, further compris 

ing means for modifying said electrical signal by introduc 
ing a non-linear element prior to application of said transfer 
function. 

14. An apparatus as de?ned in claim 13, Wherein said 
non-linear element provides a square root of said electrical 
signal. 

15. An apparatus as de?ned in claim 12, Wherein said 
non-in?nite extinction ratio is present in said optical signal 
prior to transmission. 

16. An apparatus as de?ned in claim 10, Wherein said 
transfer function is implemented by means of an FIR-HR 
?lter. 

17. An apparatus as de?ned in claim 10, Wherein said 
apparatus is implemented in softWare. 

18. An apparatus as de?ned in claim 10, Wherein said 
transfer function is used as a diagnostic tool for measuring 
the chromatic dispersion characteristics of an optical chan 
nel. 


